Investigation of the effect of air gap size on the spatial resolution in proton- and helium radio- and tomography by Radonic, Stephan et al.








Investigation of the effect of air gap size on the spatial resolution in proton-
and helium radio- and tomography
Radonic, Stephan ; Hälg, Roger A ; Schneider, Uwe
Abstract: Proton computed (transmission) tomography (pCT) refers to the process of imaging an object
by letting protons pass through it, while measuring their energy after, and their position and (optionally)
direction both before and after their traversal through that object. The so far experimental technique
has potential to improve treatment planning of proton therapy by enabling the direct acquisition of
a proton stopping power map of tissue, thus removing the need to obtain it by converting X-ray CT
attenuation data and thereby eliminating uncertainties which arise in the mentioned conversion process.
The image reconstruction in pCT requires accurate estimates of the proton trajectories. In experimental
pCT detector setups where the direction of the protons is not measured, the air gap between the detector
planes and the imaged object worsens the spatial resolution of the image obtained. In this work we
determined the mean proton paths and the corresponding spatial uncertainty, taking into account the
presence of the air gap.
DOI: https://doi.org/10.1016/j.zemedi.2020.03.002





Radonic, Stephan; Hälg, Roger A; Schneider, Uwe (2020). Investigation of the effect of air gap size on the
spatial resolution in proton- and helium radio- and tomography. Zeitschrift für medizinische Physik:Epub
ahead of print.
DOI: https://doi.org/10.1016/j.zemedi.2020.03.002
Investigation of the effect of air gap size on the spatial resolution in proton- and helium
radio- and tomography
Stephan Radonic,1, ∗ Roger A. Hälg,1, 2 and Uwe Schneider1, 2
1Department of Physics, University of Zurich, Zurich, Switzerland
2Radiotherapy Hirslanden AG, Rain 34 , Aarau, Switzerland
(Dated: March 18, 2020)
Purpose: Proton computed (transmission) tomography (pCT) refers to the process of imaging
an object by letting protons pass through it, while measuring their energy after, and their position
and (optionally) direction both before and after their traversal through that object. The so far
experimental technique has potential to improve treatment planning of proton therapy by enabling
the direct acquisition of a proton stopping power map of tissue, thus removing the need to obtain
it by converting x-ray CT attenuation data and thereby eliminating uncertainties which arise in
the mentioned conversion process. The image reconstruction in pCT requires accurate estimates of
the proton trajectories. In experimental pCT detector setups where the direction of the protons is
not measured, the air gap between the detector planes and the imaged object worsens the spatial
resolution of the image obtained. In this work we determined the mean proton paths and the
corresponding spatial uncertainty, taking into account the presence of the air gap.
Methods: We used Monte Carlo simulations of radiation transport to systematically investigate
the effect of the air gap size between detector and patient on the spatial resolution of proton (ion)
computed tomography for protons with an energy of 200 MeV and 250 MeV as well as for helium
ions (He-4) with an energy of 798 MeV. For the simulations we used TOPAS which itself is based
on Geant4.
Results: For all particles, which are detected at the same entrance and exit coordinate, the
average ion path and the corresponding standard deviation was computed. From this information,
the dependence of the spatial resolution on the air gap size and the angular confusion of the particle
beam was inferred.
Conclusion: The presence of the airgap does not pose a problem for perfect fan beams. In
realistic scenarios, where the initial angular confusion is around 5 millirad and for typical air
gap sizes up to 10 cm, using an energy of 200 MeV a spatial resolution of about 1.6 mm can be
achieved. Using protons with E = 250 MeV a spatial resolution of about 1.1 mm and using he-
lium ions (He-4) with E = 798 MeV even a spatial resolution below 0.7 mm respectively is attainable.
Keywords: proton computed tomography, Monte Carlo, Proton radiography, TOPAS, computational physics
1. INTRODUCTION
Proton radiography and tomography and the usage
thereof for diagnostic purposes in medicine was inves-
tigated in the 1960s and 70s [1–5]. The development
was in strong competition to the development of x-ray
computed tomography (CT). Compared to x-rays, protons
carry advantages as having higher density resolution while
giving a lower radiation dose to the patient [6]. The
main disadvantage is the worse spatial resolution which
results from the multiple Coulomb scattering (MCS) of the
protons in the patient [7]. One method to improve the
spatial resolution is to detect the protons and reconstruct
their trajectories particle by particle, which significantly
limits the image acquisition speed. Due to the ease of
integration into clinical environment and substantially lower
costs, x-ray CT machines have had great success and the
research on proton radiography and tomography has been
mostly abandoned. With the increasing number of proton
treatment facilities, medical imaging with protons has
regained interest. In contrast to a pure diagnostic use, also
the suitability of proton radiography and tomography as
a quality assurance tool for proton therapy was evaluated [8].
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Currently proton therapy treatment planning is typi-
cally based on x-ray CT imaging. The acquired x-ray
attenuation map has to be converted into a proton stopping
power map. However the physical interactions of protons
and photons while traversing matter are fundamentally
different, leading to potential inaccuracies [9, 10]. Proton
computed tomography (pCT) on the other hand directly
acquires a proton stopping power map and thus could
remove this uncertainty. Additionally proton computed
radiography could also be applied to verify the correct
delivery of the proton treatment plan before or after the
treatment. With the increasing availability of advanced
detector technology, high-speed data acquisition systems
and vast amounts of processing power, pCT has great
potential to further improve proton therapy [11].
For the image reconstruction of proton radio- and tomo-
graphies, estimates of the proton paths are necessary. In
literature various estimates are used, ranging from straight
lines connecting the measured entrance and exit points up to
cubic spline estimates and advanced analytical MCS models.
For pCT setups where the direction (angle) of the protons is
not being measured before and after their traversal through
the imaged object, the air gap decreases the spatial resolu-
tion, as has been shown in two prior studies [12, 13]. In the
study by Schneider et al. [12] the impact of a 5 cm air gap
before and behind the imaged object, on the spatial reso-
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lution was studied with Monte Carlo methods for 200 MeV
protons. Krah et al. [13] used analytical methods to study
the impact of various detector setups, energies and air gap
sizes on the spatial resolution of proton beams. Their ana-
lytical results were verified with Monte Carlo simulations for
a single energy and air gap size. In this study the impact of
air gap on spatial resolution was also studied for helium ions.
In addition the variation of spatial resolution for different air
gap sizes was studied as a function of the angular confusion
of the beam, as we are also interested in the possibility of
using large initial angular confusions for imaging. For our
study Monte Carlo methods were used, because it includes
also the treatment of nuclear interactions as well as single
and plural coulomb scattering.
2. MATERIALS AND METHODS
Monte Carlo based particle transport simulations are used
to simulate the behaviour of protons traversing a water box,
which is used as an approximation for tissue. Basically the
simulation consists of shooting a large number of protons
through a water box and obtaining their trajectories through
phase-space scoring. In the post-processing analysis the de-
tector setup is assumed to be a tracker setup without angle
measurements. The parameter space of air gap size and an-
gular confusion was chosen such that it resembles typical
clinical setups, as well as that the possibilty of using a large
angular confusion for imaging is explored.
2.1. TOPAS and Geant4
For the simulation of the proton tomography the TOPAS
(Tool for particle simulation) package was used, which itself
is based on the well known Monte Carlo radiation transport
code Geant4, developed by CERN. TOPAS wraps the
Geant4 Toolkit and lets the user configure all the properties
of the simulation like geometry, particle source, physics and
scoring setup through a single parameter (text) file. This
drastically simplifies the creation of simulation scenarios [14].
Geant4 is an advanced Monte Carlo method based package
for the simulation of particle traversal and interactions
in matter. It is implemented in the C++ programming
language and is designed on modern software engineering
methodologies [15].
2.2. Physics
Geant4 provides various physics models for different pur-
poses. For the simulations done in the context of this paper
the default physics list which TOPAS provides is used. Ac-
cording to the TOPAS guide it has been shown to work well
for proton therapy research [14].
2.3. Geometry
The setup was chosen to consist of a 5 x 5 x 5 meter sized












Figure 1: Schematic overview of the geometric setup of the
simulation in TOPAS, the enclosing vacuum box
representing the simulation world is not shown in the figure
The simulation world holds a 1.2 x 1.2 x 1.2 meter large air
box. Inside it a 20 cm x 40 cm x 40 cm sized water box
is placed, which represents the phantom. A proton beam
source is placed at the z - origin of the air box in the center
of its x - y plane. The phantom (water box) inside is placed
adjacent to the beam source, its position on the z-axis can
be varied to enclose an air gap between itself and the beam
source. In the simulations the enclosed air gap is varied be-
tween 0 and 30 cm by varying the z-position of the water
box. At an interval of 1 mm on the z-axis the airbox is inter-
sected with scoring planes, which themselves are x - y planes
residing in a ”parallel” simulation world and have no influ-
ence on the physical simulation. When a proton traverses
such a scoring plane, its physical parameters as position, an-
gle, energy as well as its id are written into an output file.
This geometrical setup is depicted in Fig. 1, the enclosing
vacuum box representing the simulation world is not shown
in the figure.
2.4. Beam source
We use simulated beams of protons with an energy of
E = 200 MeV and E = 250 MeV as well as beams of
He − 4 ions with an energy of E = 798 MeV. The energy
values were chosen large enough such that typical patient
sizes can be imaged, but not too large, because spatial
resolution typically increases with increasing energy. The
beams were set up with Gaussian angular distributions with
angular confusion values ranging between 0 mrad, which
corresponds to a perfect fan beam, up to 100 mrad, which
is a fairly large angular confusion in the context of particle
beams used for radio-therapeutic applications. It is further
assumed that the beams have no position distribution and
no energy spread. The energy value of 798 MeV for the
He− 4 ions is chosen such that the range of the He− 4 ions
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in waters matches the range of the 200 MeV protons, which
is approximately R = 26.2 cm.
The number of protons in the simulation is set to 100,000.
In order to have good statistics for the data analysis a large
enough amount of particles is needed. Setting this number
higher (e.g. 1 million particles) would provide even better
statistics, but the amount of data generated also increases
tenfold, which would pose a major obstacle for data analysis,
which is explained in detail in the next section.
2.5. Simulation output data
The simulation scoring is configured such that as ions tra-
verse the scoring planes (see also section 2.3), their current
physical properties are being written into an output file. In
this context it should be noted that secondary fragments
were excluded from the analysis. In experimental setups this
could be achieved using a filter acting on the energy loss of
the particles. We have a scoring plane every millimetre across
the z-axis of the airbox, which in total makes 1200 scoring
planes. In terms of data size of the output data which need
to be processed, this yields ≈ 3.4 Gigabytes for the output
of a single simulation run. As with each variation of the sim-
ulation parameters as air gap, angular confusion, energy, ...
the simulation has to be rerun and the data analysis needs to
be repeated, the amount of data which has to be processed,






Figure 2: 3D schematic of the simulation geometry for
better understanding of the data analysis process
In a first step the simulation output file is read into mem-
ory and the records are stored into an unordered array. Then
the records are sorted into bunches according to their Event
ID, so that a bunch contains all the records belonging to the
corresponding proton trajectory. Also from the unordered
array we obtain all the records whose z-coordinate belong
to the scoring plane, which is assumed to be the exit detector.
Next, using the exit plane data, the proton trajectories are
assigned to bins according to the radius (r2 = x2 + y2)
of their exit point. We set the bin size to 0.1 mm which
corresponds to assuming a ”perfect” pixel detector with
a resolution of 0.1/
√
12 mm. (see also figure 2) Due to
homogeneity and isotropy of the scattering process the x
and y axes are interchangeable and it is therefore physically
allowed to rotate all radii vectors of a particular trajectory
through a constant angle around the x - axis. We want that
after the transformations (rotations) the exit points of all
trajectories at the detector plane lie along the same line
(in the z − y plane at x = 0). For this purpose we obtain
the angles θ enclosed between the line at x = 0 where the
z − y Plane intersects the exit scoring (x− y) plane and the
radius vectors of the exit points. Then we iterate through
all trajectory points contained in each bunch, and apply the
rotation matrix Mrot (Eq. 1) with the angle corresponding
to the trajectory of that particular bunch, obtained in the







With that, the reconstruction of the proton trajectories
from the simulation output data is finished and the obtained
single proton trajectories can be used for further analysis.
We want to obtain the mean proton path as well as
the standard deviation of the trajectories from the mean
proton path, which corresponds to the spatial resolution.
For that purpose the proton trajectories were previously
assigned to bins. Iterating through all bins, for each
z-coordinate in a first step we calculate the average x and y
coordinates of all protons assigned to the current bin, and
in a second step using the obtained average coordinates we














(xk − x̄)2 + (yk − ȳ)2 (3)
where i is the iteration over the bins, and k is iteration over
the particles contained in the particular bin. Having ob-
tained σr for each z-coordinate for all bins, these values are
used to compute the weighted average of σr over all bins as
in Eq. (4), where i is the iteration variable over all bins as be-
fore. The weighing factor wi equals the number of particles
inside the particular bin i. This yields the spatial uncertainty
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at a position on the z-axis.










Finally the obtained data is written into output files.
2.7. Implementation and Optimization
The amount of data which has to be processed (see sec-
tion 2.5) requires an efficient implementation of the analy-
sis routines, so that the processing does not take too long
and thus the flexibility of being able to quickly reprocess
the data in case of modifications to the analysis procedure,
is provided. The data analysis routine was implemented in
the C++ programming language, which is very well suited
for high performance and throughput. In the data analy-
sis routine explained in section 2.6 there were two particular
suitable computing intensive parts, that we tackled with par-
allelization and vectorization, which are common high per-
formance computing (HPC) techniques.
3. RESULTS
Using the data analysis procedures depicted in section 2.6
on the simulation output data, we obtained the spatial
uncertainty of proton radiography using proton beams with
an energy of E = 200 MeV and E = 250 MeV as well as for
heavy ions (He-4) with E = 798 MeV. In Fig. 3a the spatial
uncertainty for various initial angular confusions is plotted
as a function of the position on the z - axis. Comparing
that with Fig. 3b where there is a symmetrical 5 cm air
gap in front and after the phantom it can be easily seen the
air gap increases the spatial uncertainty, the increase being
proportional to the initial angular confusion. What also
can be noticed is that the position of the maximal spatial
uncertainty shifts from the end of the phantom towards its
centre.
To further explore the dependence of the spatial resolu-
tion, which corresponds to the maximal spatial uncertainty
maxσr(z), on the initial angular confusion of the beam and
the symmetrical air gap size between detector planes in front
and after the phantom in Fig. 4a and Fig. 4b the maximal
spatial uncertainty is plotted as a function of the initial an-
gular confusion and air gap size respectively. The points are
the actual values for the maximal spatial uncertainty from
the simulations whereas the connecting lines are interpola-
tions between those points. For initial angular confusions up
to approximately 10−20 mrad the spatial resolution decreaes
non linearly with increasing air gap size. For higher initial
angular confusion values the dependence is fairly linear. In
dependence of the angular confusion the spatial resolution
up decreaes linearly, the slope being dependent on the air
gap size, after a threshold being approximately at 20 mrad,
the decrease saturates and > 50 mrad the spatial resolution
remains almost constant with increasing angular confusion.
The isoline contour plot in Fig. 5a provides a particularly in-


















































Figure 3: Spatial uncertainty of proton radiography with
proton energy E = 200 MeV for multiple initial angular
confusions
(the ordering of the curves is the same as the label order)
A: without air gap; B: with an symmetrical air gap of 5 cm
between phantom and the detector planes
sightful view on the dependence of spatial resolution on both
parameters in a single plot.
The same analysis has also been done for protons with
E = 250 MeV and for the heavy He-4 ions with E = 798
MeV. With the higher beam energy the spatial uncertainty
though decreases thus allowing larger values for initial angu-
lar confusion and air gap size. Using He-4 ions the spatial
resolution improves even further. The general observations
of the functional dependence of spatial resolution on air gap
size and initial angular confusion which were already made
for protons of E = 200 MeV still hold.
4. DISCUSSION AND CONCLUSION
The results of systematical simulation-based investigations
of the impact of an air gap of equal size between entrance
and exit detector planes and the phantom on the spatial
resolution of proton and heavy ion radiography have been
presented in section 3. Assuming an air gap of equal size in
front and after the phantom is motivated by tomography
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Figure 4: Spatial resolution of proton radiography with
proton energy E = 200 MeV
(the order of the curves is the same as the label order)
A: depending on the symmetrical air gap size between
phantom and the detector planes for multiple initial
angular confusions;
B: depending on the initial angular confusion for multiple
constant symmetrical air gap sizes between phantom and
the detector planes
scenarios where the detector setup is being rotated around
the imaged object. The clinical requirement on spatial
resolution is in the order of a millimeter. The Gantry-2
proton beam at the PSI treatment facility for example has
an initial angular confusion σini of approximately 5 millirad
for energies above 200 MeV. The air gap size in a proton
tomography scenario can be assumed to be about 10 cm.
With these parameters at a beam energy of 200 MeV a
spatial resolution of about 1.6 mm can be achieved. At a
beam energy of 250 MeV a spat. resolution of about 1.1
mm is attainable. Using Helium (He-4) ions with an energy
of E = 798 MeV matching the range in water of 200 MeV
protons, the spatial resolution is even < 0.7 mm. If the
initial angular confusion is assumed to be 10 mrad, the
maximum air gap size which with it is possible to achieve a
spatial resolution of 1 mm, is only about 2 cm at E = 200
MeV and 5 cm at E = 250 MeV. It can be concluded
that the usage of the highest available proton beam energy
(at proton treatment facilities) or the usage of heavy ions
allow some discretion in terms of initial phase space and
air gap size while achieving acceptable spatial resolution.
Helium ions could possibly even allow the usage of a large
initial angular confusion (> 100 mrad) with an air gap
size of 10 cm while still achieving a spatial resolution of
1.2 mm (see Fig. 5c). Assuming a tracker detector setup
this could potentially be used to minimize the number of
radiography image acquisitions at different angles necessary
for a full tomography. If a non parallel proton beam is used
for imaging, the image content of the irradiation from a
fixed angle results not only in a projectional image, but
in three dimensional information about the object. if an
iterative backprojection algorithm is used, it is possible to
simultaneously reconstruct images in different depths of
the patient. The advantage of this method is an improved
spatial resolution as described in [16]. This would lead to
reconstruction methods where less acquisitions at different
angles are necessary.
The data obtained in this work could be used in the
context of detector development, as well as for validation
and benchmarking of analytical models. The most likely
proton paths could also be used for image reconstruction.
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Proton with E = 200 MeV
(a)



























Proton with E = 250 MeV
(b)






















Helium (He4) with E = 798 MeV
(c)
Figure 5: Isoline contour plot of spatial resolution (in cm) of ion radiography depending on the symmetrical air gap size
between phantom and the detector planes and the initial angular confusions
A: protons with energy E = 200 MeV; B: protons with energy E = 250 MeV; C: helium ions with energy E = 798 MeV
